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We propose a non-destructive measurement method to identify Al2O3 scale on an Fe–
Al alloy and to evaluate the morphology and thickness of the scale using 
cathodoluminescence (CL) and X-ray-excited optical luminescence (XEOL). CL and XEOL 
images allowed us to distinguish the Al2O3 scale from other scales from the luminescent color 
of the Al2O3, and to observe the surface morphology of the scale. The CL intensity of a peak 
at 695 nm in the spectra was used to determine the scale thickness. Therefore, CL and XEOL 
analysis could be used in the non-destructive evaluation of oxide scales on heat-resistant 
steels. 
 





The evaluation of oxide scales on heat-resistant steels is important because brittle and 
inhomogeneous oxide scales may lead to steel corrosion. An understanding of the 
composition, homogeneity, and thickness of the surface-oxide scales is critical to controlling 
the qualities of practical heat-resistant steels. This analysis is usually performed by using 
scanning-electron microscopy (SEM) equipped with energy- or wavelength-dispersive X-ray 
spectrometry (EDX or WDX) [1-3] to study the surfaces and cross-sections of the oxide 
scales on the heat-resistant steels. Such analysis is destructive because the sample must be cut 
and its cross-section polished prior to cross-sectional observations to measure the oxide-scale 
thickness. A non-destructive determination of surface-oxide-scale composition, homogeneity, 
and thickness by different analytical method from the cross-sectional SEM observation would 
allow for a reduction of analysis time of practical heat-resistant steels. 
We identified, studied the surface, and measured the thickness of surface alumina 
(Al2O3) scales by two non-destructive methods: cathodoluminescence (CL) analysis and X-
ray-excited optical-luminescence (XEOL) analysis, which are used to obtain images and 
spectra based on the phenomenon of light emission from materials induced by electron 
bombardment and X-ray irradiation, respectively. A number of oxides, such as Al2O3, 
magnesia (MgO), and silica (SiO2), emit light with a high intensity by electron bombardment 
[4-6]. We have shown that CL and XEOL analysis can be used to identify oxides and nitrides 
produced in steelmaking, such as non-metallic inclusions [7-12] and slags [13]. CL and 
XEOL analysis can detect luminescence over a depth range of several micrometers from the 
surface [4], which suggests that we may be able to measure the surface-oxide-scale thickness 
non-destructively from the scale luminescence intensity. We selected Al2O3 scale as an 
analyte for CL and XEOL analysis because Al2O3 is the most protective and stable oxide 
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among all oxides encountered in high-temperature oxidation [1,14-18]. Therefore, 
distinguishing Al2O3 from other oxide scales is key for practical heat-resistant steels. 
 
2. Material and methods 
We selected Fe–25%Al (mass%) and Fe–15%Al–10%Cr (mass%) alloys because it 
has been reported that these alloys form a uniform Al2O3 scale on sample surfaces at 1000 °C 
in air [19-21]. The above-mentioned ratios of electrolytic Fe powder (purity: 99.9%, Wako 
Pure Chemical Industries, Ltd., Osaka, Japan), Al powder (purity: 99.9%, Nacalai Tesque, 
Inc., Kyoto, Japan), and Cr powder (purity: 99.99%, Nacalai Tesque, Inc., Kyoto, Japan) were 
placed in an Al2O3 crucible. The mixtures were heated at 1560 °C for 30 min and cooled to 
room temperature by flowing 96 vol% argon and 4 vol% hydrogen at 200 ml·min−1. The Fe–
25%Al and Fe–15%Al–10%Cr alloys were pressed and cut into cubic slices of approximately 
5 mm. The slices were annealed at 1100 °C at 0.1 Pa for 12 h. The surfaces of the slices were 
polished using 600-, 1200-, and 2400-grid abrasive papers and finished using a 1-μm diamond 
slurry. The polished slices were heated at 1000 °C in air for 1, 4, 9, 25, and 100 h to form 
Al2O3 scales on their surfaces. 
CL analysis of scales on the Fe–25%Al and Fe–15%Al–10%Cr alloys was conducted 
using a custom SEM-CL system. Details of the SEM-CL system have been reported 
previously [7,8,10,11,13]. We outline the SEM-CL system briefly in this section. A digital 
single-lens reflex camera (7RII, Sony Corp., Tokyo, Japan) equipped with a zoom lens 
(LZM-06075A, Seimitu Wave Inc., Kyoto, Japan) was used to acquire the CL images. The 
sensitivity range of the camera was from 420 to 680 nm. CL spectra were acquired using an 
optical spectrometer (QE65Pro, Ocean Optics Inc., Largo, Florida, USA) by connecting an 
optical fiber with a collector lens (LGL-30, Chuo Precision Industrial Co., Ltd, Tokyo, Japan) 
at its tip. The tip of the optical fiber was introduced into the SEM chamber through a flange. 
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An XEOL image of the scales on the Fe–25%Al alloys was captured using a custom setup 
comprising an X-ray tube with a rhodium target (TUB00050-RH2, Moxtek Inc., Orem, Utah, 
USA), and the digital single-lens reflex camera was equipped with the same zoom lens as 
used to obtain the CL image. Details of the setup have been reported previously [9,12]. The 
X-ray tube was operated at 20 kV and 200 μA. Surface observations and elemental analysises 
of the scales were performed by using SEM (TM3030 Plus, Hitachi High-Technologies Co., 
Tokyo, Japan) equipped with a silicon drift EDX detector (Quantax70, Bruker Corp., Billerica, 
Massachusetts, USA). We also observed the cross-section of the Fe–25%Al alloys by using 
the SEM to measure the scale thickness. Before the observation, a side of the Fe–25%Al 
alloys was cut and polished by using the abrasive papers and diamond slurry (the same papers 
and slurry were used to polish the slices before heating at 1000 °C in air). 
 
3. Results and discussion 
FeO, Fe2O3, FeAlO4, and Al2O3 have been reported to form at 1000 °C in the Fe–Al–
O system [19,22]. We first collected CL images of these compounds. Reagent powders of 
FeO (purity: 99.5%, Kojundo Chemical Laboratory Co.,Ltd., Saitama, Japan), Fe2O3 (purity: 
99.9%, Kojundo Chemical Laboratory Co.,Ltd., Saitama, Japan), and Al2O3 (purity: 99.9%, 
Kojundo Chemical Laboratory Co.,Ltd., Saitama, Japan) were used to acquire their CL 
images. FeAlO4 was synthesized by heating a mixture of Fe, Fe2O3, and Al2O3 reagents at 
1200 °C for 10 h in an argon atmosphere, based on a previous report [23]. Formation of the 
FeAlO4 phase was confirmed by X-ray diffractometry (Ultima IV, Rigaku Corporation, 
Tokyo, Japan). We could not detect the luminescence because of the FeO, Fe2O3, and FeAlO4 
when we captured their CL images for 30 s, whereas red luminescence was detected when we 
captured the CL image of Al2O3 for 0.5 s. The results indicate that we can detect Al2O3 scale 
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selectively by acquiring the CL image and spectrum of the surface of the Fe–Al alloy heated 
at 1000 °C in air, even if iron oxides other than Al2O3 are included in the surface layer. 
 
3.1 CL analysis of Al2O3 scale on Fe–Al alloy 
We collected CL images and spectra of the surface of a Fe–25%Al alloy heated at 
1000 °C in air to observe the scale surface. A SEM image and the corresponding CL image of 
the alloy surface heated for 25 h are shown in Fig. 1. Almost the entire alloy surface area 
emitted red luminescence as shown in Fig. 1 (b). A CL spectrum of the areas that emitted red 
luminescence is shown in Fig. 1 (c) and is consistent with a previously observed CL spectrum 
of Al2O3 [24], which supports that Al2O3 scale was formed on the Fe–25%Al alloy by heating 
at 1000 °C for 25 h in air. The peaks at 670, 695, and 715 nm are attributed to manganese 
(IV) ions (Mn4+), chromium (III) ions (Cr3+), and iron (III) ions (Fe3+) that substitute the 
aluminum (III) ions (Al3+), respectively [24-27]. Mn and Cr in the Al2O3 scales originated 
from the Fe powder; we confirmed by inductively coupled plasma-atomic emission 
spectrometry that the Fe powder contained several ppm of Mn and Cr as impurities [8]. The 
luminescence of the Al2O3 scale results from the peak at 670 nm and the tail of the peak at 
695 nm towards shorter wavelengths in the red region of the digital camera (620–680 nm). 
This red region is narrower than a generally-recognized red region (620–740 nm [28]) 
because the sensitivity range of the digital camera is from 420 to 680 nm. Part of the Fe–
25%Al alloy surface emitted a violet luminescence as shown in Fig. 1 (b) (Area 1). The CL 
spectrum of Area 1 (Fig. 1 (c)) agrees well with a previously reported CL spectrum of Al2O3 
and was consistent with the CL spectrum of the area that emits red luminescence, except for a 
broad peak at 400 nm. The luminescence of Area 1 results from the broad peak of 400 nm 
because the area intensity of the violet region (380–450 nm) is higher than that of the red 
region of the digital camera (620-680 nm). The broad peak at 400 nm is attributed to oxygen 
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vacancies in Al2O3 [25,27]. The area that emits violet luminescence corresponds to a portion 
where the Al2O3 scale was partially peeled away (Fig. 1 (a)). Therefore, it can be inferred that 
the oxygen potential of the area that emits violet luminescence would be lower near the area 
that loses some Al2O3 scale, which leads to an increase in oxygen vacancies in the Al2O3. As a 
result, the CL intensity of the broad peak at 400 nm increased. Our results reveal that the 
surface morphology of Al2O3 scale on the Fe–Al alloy can be obtained by acquiring a CL 
image. 
Because a thickness measurement of the Al2O3 scale is important for predicting the 
remaining life of practical heat-resistant steels, we attempted to determine the thickness of 
Al2O3 scale from its CL spectrum. Figure 2 (a) shows the CL spectra of Al2O3 scales with 
different thicknesses on the Fe–25%Al alloy surfaces, and obtained by changing the holding 
time of the oxidation treatment at 1000 °C. The thicknesses of the Al2O3 scales were 
determined by acquiring SEM images of the cross-section of each specimen as shown in Fig. 
2 (b). The dark area near the surface in Fig. 2 (b) is Al2O3 scale, which was confirmed by 
EDX elemental mapping because aluminum was only detected in the scale (Fig. 3). Intensities 
of the CL peaks increased with an increase in Al2O3 scale thickness. The peak intensities at 
695 nm increased almost linearly with an increase in Al2O3 scales thickness as shown in Fig. 
2 (c). This suggests that we can determine the approximate thickness of the Al2O3 scales on 
the Fe–Al alloys from the CL peak at 695 nm within the thickness range measured in this 
study (50-1100 nm) without acquiring their cross-sectional SEM images. The intensities of 
the CL peak at 695 nm would deviate negatively from the linearity for Al2O3 scales at 
thicknesses above a few micrometers, because the escape depth of the CL is a few 
micrometers at the accelerating voltage of the SEM-CL system (17 kV) [4]. 
 
3.2 CL analysis of Al2O3 scale on Fe–Al–Cr alloy 
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Owing to the stability of Al2O3 scale at high temperatures, it is beneficial to maximize 
the Al2O3 content in the surface layer by increasing the Al content in the alloy. However, the 
strength and creep resistance of Fe–Al alloys with a higher Al content are insufficient for its 
practical use at high temperatures [18,20,21,29,30]. Often, Cr is added to an Fe–Al alloy to 
overcome this problem because Cr addition enables the Al content to decrease to the extent 
that the strength and creep resistance are acceptable for practical use, with a rigid Al2O3 scale 
formed on the surface [21]. The addition of Cr to the Fe–Al alloy may affect the CL color and 
spectrum of the Al2O3 scale. We collected a CL image and a spectrum of Al2O3 scale on Fe–
15%Al–10%Cr as shown in Fig. 4. The luminescent color of the Al2O3 scale remained red 
after Cr addition as shown in Fig. 4 (b). The peak positions of CL spectrum of the Al2O3 scale 
on Fe–15%Al–10%Cr was also the same as those on Fe–25%Al. The CL intensities of the 
Al2O3 scale on the Fe–15%Al–10%Cr was approximately 1.7 times higher than those on the 
Fe–25%Al. This may be because the Al2O3 scale thickness of the Fe–15%Al–10%Cr (680 
nm) was larger than that of the Fe–25%Al (570 nm) as shown in Fig. 2 (b) and Fig. 4 (d). The 
increasing rate of the Al2O3 scale thickness of the Fe–15%Al–10%Cr was lower than that of 
the CL intensities. We consider that the difference of the increasing rates may be within an 
experimental error range of CL measurements. We also collected CL spectra of Al2O3 scales 
with different thicknesses on Fe–15%Al–10%Cr and measured their CL peak intensities at 
695 nm. The Al2O3 scales with different thicknesses were obtained by changing the holding 
time of the oxidation treatment at 1000 °C, and the Al2O3 scale thicknesses were determined 
by acquiring their cross-sectional SEM images. The peak intensities at 695 nm for Fe–
15%Al–10%Cr were distributed near the calibration curve of Fig. 2 (c) as shown in Fig. 4 (e). 
This suggests that chromium in Fe–15%Al–10%Cr does not affect CL peaks related to Cr3+ of  
Al2O3 scale and we can determine Al2O3 scale thickness of Fe-Al and Fe-Al-Cr alloys with 
any compositions by using the calibration curve of Fig. 2 (c). These results indicate that we 
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can evaluate the surface morphology and thickness of the Al2O3 scale on Fe–Al–Cr alloys 
from their CL images and spectra in the same way as for Fe–Al alloys. 
 
3.3 XEOL imaging of Al2O3 scale 
Collecting XEOL images and spectra would enable the evaluation of Al2O3 scale more 
rapidly than the CL image and spectrum, because XEOL can be performed in air in contrast 
with the requirement for a vacuum condition for CL. We acquired an XEOL image of the 
surface of the same Fe–25%Al alloy with an Al2O3 scale thickness of 1.1 μm as used to 
acquire the CL spectrum (Fig. 2), which was obtained by heating at 1000 °C for 100 h in air, 
as shown in Fig. 5. The XEOL sample intensity was too low for its luminescence to be 
detected by using the digital camera for capturing the CL images of Fe–25%Al and Fe–
15%Al–10%Cr alloys. We used a digital camera with a sensitivity range of 350 to 1000 nm to 
capture the XEOL image and to detect the strong infrared luminescence that is related to the 
peak at 695 nm (Fig. 1(c)). An extension of the sensitivity range was achieved by detaching a 
built-in filter which blocks the entrance of ultraviolet and infrared light into complementary 
metal-oxide semiconductor sensors in the digital camera used to capture the CL images. A 
comparison of Fig. 5(a) and (b) shows that we can observe the Al2O3 scale morphology with a 
thickness of approximately 1 μm on the Fe–25%Al alloy by obtaining its XEOL image. We 
could also acquire an XEOL image of the same Al2O3 scale with a thickness of approximately 
600 nm on the Fe–25%Al alloy as used to acquire the CL image and spectrum (Fig. 2), which 
was obtained by heating at 1000 °C for 25 h in air, as shown in Fig. 6, but the XEOL image 
was unclear owing to its low luminescence intensity. We could not obtain XEOL images of 
Al2O3 scales with thicknesses below 600 nm or the XEOL spectra of any Al2O3 scales owing 
to their low luminescence intensities. These results suggest that the power of the X-ray tube 
(25 kV, 200 μA) is insufficient to acquire XEOL spectra and XEOL images of Al2O3 scales 
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with thicknesses below 600 nm. This is solved by using an X-ray tube with a higher power 
such as that used for stationary X-ray diffraction or X-ray fluorescence instruments, because 
the XEOL intensity increases linearly with increasing X-ray tube voltage and current [31]. 
 
4. Conclusions 
 We have demonstrated that we can identify Al2O3 scale on Fe–Al and Fe–Al–Cr 
alloys and evaluate the morphology and thickness of the Al2O3 scale non-destructively 
through CL and XEOL analysis. The Al2O3 scale is distinguishable from other scales on the 
Fe–Al and Fe–Al–Cr alloys because the Al2O3 scale emitted red or violet luminescence when 
captured in CL and XEOL images, whereas other scales did not emit visible radiation. We can 
observe the Al2O3 scale morphology from the CL and XEOL images. Acquisition of CL 
spectra of the Al2O3 scale can allow for a determination of the scale thickness from the CL 
intensity of a peak at 695 nm. We can use a calibration curve that was obtained by plotting CL 
peak intensities at 695 nm for Al2O3 scales on Fe-25%Al as a function of the Al2O3 scale 
thickness to determine Al2O3 scale thicknesses of Fe–15%Al–10%Cr. CL analysis can 
evaluate Al2O3 scale with a thickness above 50 nm, and further, it can be applied to determine 
the thickness quantitatively. As far as we know, few reports have been published regarding 
such a quantification, which provides novel information on the CL analysis. In contrast, 
XEOL analysis can evaluate Al2O3 scale with a thickness above 600 nm, because of the lower 
XEOL intensity in this setup. This limitation of Al2O3 scale thickness for XEOL analysis will 
be overcome by using an X-ray tube with a higher power. Therefore, CL and XEOL analysis 
could lead to a non-destructive evaluation of oxide scales on heat-resistant steels. XEOL 
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Fig. 1. (a) SEM and (b) CL images of Fe–25%Al alloy surface heated at 1000 °C for 25 h in air. Exposure time 
for the CL image was 10 s. (c) CL spectra of areas that emit violet (Area 1) and red luminescence in Fig. 1(b). 
Enlarged CL spectra near peaks at 400, 670, and 715 nm shown in upper left of respective CL spectra. 





Fig. 2. (a) CL spectra of surface of Fe–25%Al alloys heated at 1000 °C for 4, 25, and 100 h in air. 
Measurement durations for the CL spectra were 1 s. Each sample thickness was determined from its cross-
sectional SEM image, e.g. Fig. 2(b). (b) Cross-sectional SEM (backscattered electron) image of Fe–25%Al 
alloy heated at 1000 °C for 25 h. (c) CL intensities of peak at 695 nm for Fe–25%Al alloys heated at 1000 °C 
for 1, 4, 9, 25, and 100 h in air as a function of Al2O3 scale thickness. CL intensity for each sample measured 




Fig. 3. (a) Cross-sectional SEM (backscattered electron) image of Fe–25%Al alloy heated at 1000 °C for 25 h 
in air. EDX elemental mappings of (b) Al and (c) Fe of area surrounded by broken line in (a). 
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Fig. 4. (a) SEM and (b) CL images of Fe–15%Al–10%Cr alloy surface heated at 1000 °C for 25 h in air. 
Exposure time for the CL image was 10 s. (c) CL spectra of surface of Fe–15%Al–10%Cr and Fe–25%Al 
alloys heated at 1000 °C for 25 h in air. Enlarged CL spectra near peaks at 670 and 715 nm shown in upper left. 
Measurement durations for CL spectra were 1 s. (d) Cross-sectional SEM (backscattered electron) image of Fe–
15%Al–10%Cr alloy heated at 1000 °C for 25 h. (e) CL intensities of peak at 695 nm for Fe–15%Al–10%Cr 
alloys heated at 1000 °C for 1, 4, 9, and 25 h in air as a function of Al2O3 scale thickness (filled circle). Data for 




Fig. 5. (a) SEM and (b) XEOL images of surface of Fe–25%Al alloy heated at 1000 °C for 
100 h in air. Exposure time for XEOL image was 10 s. 
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Fig. 6. (a) SEM and (b) XEOL images of surface of Fe–25%Al alloy heated at 1000 °C for 25 
h in air. Exposure time for XEOL image was 15 s. 
